The conditions that permit the interaetion of immediate-early proteins of murine cytomegalovirus (MCMV) with DNA were studied. Chromatography of extracts from infected cells on MCMV DNA cellulose and calf thymus DNA cellulose showed that pp89, the regulatory major immediate-early protein, interacts with DNA and dissociates at salt concentrations between 0.3 and 0.6 M NaCI. pp76, a cleavage product of pp89, and additional minor ie1 proteins eluted already at low ionie strength. Cellular DNA-binding factors were required for assoeiation of pp89 with DNA. These factors were identified as core histones. Chromatography of IE proteins on histone-Sepharose in the absence of DNA revealed a high-binding atfinity that was resistant to 2 M NaCI. These results suggest that pp89 has no direct DNA-binding activity. A role for an amino acid sequence homology in the N-terminal region of pp89 with histone H28 in the pp89-histone-DNA interaction is discussed.
INTRODUCTION
The intection of the mouse with murine cytomegalovirus {MCMVj serves as a model to study the biology of cytomegalovirus infec1ion. The genome of MCMV is a double-stranded linear DNA molecule of about 235 kbp (Ebeling et al., 1983) . As with other herpesviruses, gene expression of MCMV is regulated in a caseade fashion (Keil et al., 1984) . After infection, immediateearly (IE) genes are the first viral genes expressed. IE proteins are requirecl for the transcription of early genes. MCMV IE genes, IE transcripts, and IE proteins have been characterized (Keil et al., 1985 (Keil et al., , 1987a . Three trarscription units (je 1 , ie2, and ie3) clustered in a region of about 12 kbp could be identified. Transeription from ie1 is predominant. The primary transcript is differently spliced to produce aseries of related mRNAs. Most abundant is a 2.75-kb mRNA encoding a protein of 595 amino acids with a ealculated molecula r mass of 66,713 Da. Because this phosphorylated protein migrates in SDS-polyacrylamide gels at an apparent molecular mass of 89,000 Da, it has been termed pp89.
Trans-Activation of promoters was detectable after transfection of ie 1 in transient gene expression assays as weil as in stably transfected ceillines (Koszinowski et al., 1986) . The regulatory activity did not show promoter specificity, since MCMV early genes (8. 8ühler, unpublished observation) as weil as unrelated genes were activated. T 0 answer the question wh ether transcriptional activation by pp89 is likely to oceur by direet binding to DNA sequences, we examined the ability of MCMV ie1 produets to interact with DNA. We 1 To whom requests for reprints should be addressed.
demonstrate that (a) pp89 is not able to bind to DNA directly, (b) pp89-DNA interaction ean be mediated by histones, and (e) pp89 binds to histones in the absence of DNA.
MATERIALS AND METHODS
Virus and cell culture MCMV (mouse salivary gland virus, strain Smith, ATCC VR-194) was used for infeetion of BALB/c mouse embryo fibroblasts (MEF) as described by Keil et 81. (1985) .
Radiolabeling of MEF
Ceils were infected (m.o.i. 20) in the presence of cycloheximide (50 ,/L9/ml). Three hours p.i., cycloheximide was replaced by actinomycin D (2.5 ,/Lg/ml), and cells were labeled for 3 hr with 80 ,/LCi/ml [35S]methionine (Amersham, Braunschweig, FRG).
Protein extraction
Cell extracts were prepared according to Purifoy and Powell (1976 
DNA cellulose chromatography
Double-stranded DNA cellulose using either calf thymus DNA (Sigma, D 1501, Munich. FRG) or MCMV DNA was prepared according to Weissbach and Poonian (1974) . Equimolar concentrations of plasmidcloned MCMV DNA fragments covering more than 95% of the genome (Ebeling et a/., 1983) served as a source of MCMV DNA. Plasmid pACYC 177 DNA was used as contro!. Single-stranded calf thymus DNA cellulose was prepared as described by Alberts and Herrick (1971) . Cellulose (Whatman CF 11) was washed two times in 1 N HCI, rinsed extensively in H 2 0, and dried in air. Phenol-extracted DNA (10mg), suspended in 8 ml of 10 mM NaCI, was mixed with 1 9 of cellulose, dried at 4 0 , and subsequently at 22 0 • After resuspension in ethanol, the mixture was cooled on ice and irradiated with light (240 nm, 10 5 ergs/mm 2 ) 10 times for 1 mln. The slurry was washed three times in 1 mM NaCI and spread out on filter paperto dry in air. Usually 8-13 mg of DNA could be bound to 1 9 of cellulose. Calf thymus (CT) DNA cellulose was resuspended In 1 mM NaCI (250 mg/mi column volume) and poured into 1-ml tuberculin syringes sealed with glass wool. The columns were washed with 5 column vol of binding buffer and saturated with 1 vol of 0.2% BSA. Up to 2 mg of extracts per milliliter of column volume was passed through the DNA cellulose column by a constant flux of 4 ml/cm 2 /hr at 4<:>. Subsequently, the column was rinsed with 5 column vol of binding buffer. Proteins bound to DNA were eluted with 3 column vol of binding buffer with NaCI concentrations indicated.
Chromatography on histone/DNA cellulose
CT histones (125 #Lg) were suspended in 6 ml of binding buffer containing 100 mM NaCI and mixed with 0.5 ml CT DNA cellulose, saturated with BSA as described above. After histone-DNA interaction at 4 0 for 30 min, columns containing different amounts of histone-CT DNA cellulose (50 to 200 #LI) were prepared. Prior to chromatography of IE extracts containing 30 #Lg of protein, the columns were washed with 5 column vol of binding buffer adjusted to 100 mM NaCI.
Chromatography on histone-Sepharose
Calf thymus histones (Type II-AS; Sigma) were coupled to CNBr-activated Sepharose 48 (Pharmacia) according to the instruction of the manufacturer. The histone-Sepharose was poured into tuberculin syringes and equilibrated with binding buffer. Protein extracts were passed through the column as described for DNA cellulose columns. Subsequently, the column was rinsed with 5 column vol of binding buffer. Histone-bound proteins were eluted with 3 column vol of binding buffer with the NaCI concentrations indicated and buffers containing 1 M ammonia were supplemented with the concentrations of guanidine hydrochloride indicated. Eluates containing ammonia and guanidine hydrochloride were adjusted to pH 7 with a 4 M NaH 2 P0 4 buffer prior to immunoprecipitation.
Radioimmunoprecipitation
MCMV-specific antiserum was prepared by injection of female BALB/c mice at the age of 4-6 weeks with 10 5 PFU of partially purified MCMV. Mice were injected three times at intervals of 2 weeks. The serum was taken 14 days after the last boost. Immunoprecipitation, SDS-polyacrylamide gel electrophoresis, and fluorography were carried out as described previously (Keil et al., 1985) .
Quantification of immunoprecipitated proteins
To quantify the amounts of immunoprecipitated proteins, autoradiographs after different times of exposure were scanned with an LKB UltraScan unit.
RESULTS

Affinity of IE proteins to CT DNA
Proteins interacting with DNA can be isolated and characterized by DNA cellulose chromatography. Under low-salt conditions, proteins with low affinity for DNA pass through the column, whereas DNA-binding proteins are retained. Bound proteins are recovered, depending on their affinity for DNA. by elution with buffers containing an elevated salt concentration.
[ 35 Sjmethionine-labeled IE extracts were chromatographed on CT DNA cellulose, and IE proteIns in eluates were visualized by immunoprecipitation and fluorography ( Fig. 1 ). This procedure was necessary to identify IE proteins, since MCMV intection does not shut off cellular protein synthesis. In the nonbinding fraction, pp89, pp76, a cleavage product of pp89 gen- erated by a cellular protease (Keil et al., 1985) , and additional smaller proteins which are antigenically related to pp89 were also found, with pp76 being most abundant (Ia ne 1). DNA-bound pp76 was eluted at 0.1 M NaCI (lane 2), whereas pp89 was retained until 0.3 to 0.6 M NaCI, indicative of a higher affinity for DNA (lanes 3 to 7). Additional experiments showed that (a) cellulose columns lacking DNA did not retain IE proteins, (b) chromatography on columns containing single-stranded calf thymus DNA revealed a similar distribution of DNA-bound and -unbound IE proteins, and (c) omission of the cycloheximide/actinomycin D reversal prccedure resulted in less IE proteins with otherwise identical properties. Scanning of autoradiographs revealed that about 10% of pp89 and 5% of pp76 was retained by DNA under these conditions.
Cellular factors are required for pp89-DNA interaction
The presence of the bulk of IE proteins in the DNAnonbinding eluate (see Fig . 1 ) could be due to different reasons. First, pp89 could be heterogeneous with regard to DNA-binding capacity. Second, the interaction of pp89 with DNA could be indirect and dependent upon cellular factors representing the limiting constituents in the cell extract. To test the first possibility, DNA-bound pp89 eluted at 0.6 M NaCI was dialyzed against binding buffer and rechromatographed on CT DNA cel:ulose. The complete elution of pp89 within the DNA-nonbinding fraction, unless cellular DNAbinding proteins were added, was suggestive of the latter alternative. Therefore, IE proteins eluting within the DNA-nonbindin\~ eluate were reconstituted with cellular proteins (Fig. 2) . Extracts of mock-infected MEF were separated by CT DNA cellulose chromatography into a DNA-binding and -nonbinding fraction . 80th fractions were separately mixed with nonbinding IE eluates prior to chromatography on CT DNA cellulose. Addition of cellular DNA-binding proteins resulted in effective retention of pp89 proteins by CT DNA (Iane 3), whereas the nonbinding cellular fraction had no effect (lane 4) . These results argued against an intrinsic DNA-binding capacity of pp89 and demonstrated that cellular DNA-binding factors can mediate pp89-DNA interaction.
Cellular factors that mediate pp89-DNA interaction have a high affinity for DNA To screen for the cellular factors involved in pp89-DNA interaction, cellular DNA-binding proteins were fractionated according to their affinity for DNA. As a first step, extracts of mock-infected cells were loaded on several CT DNA cellulose columns, and DNA-binding proteins were eluted using a different NaCI concentration for each individual column . Subsequently, all columns were equilibrated with binding buffer. As a second step, the presence of the factors mediating pp89-DNA interaction was tested. For this purpose, a standard amount of a nonbinding IE eluate was loaded onto each of these eolumns, and bound IE proteins were eluted with 1 M NaCI and immunoprecipitated (Fig. 3a) . It was expeeted that in the presenee but not in the absence of these faetors pp89 eould be retained . Cellular faetors which allowed binding of pp76 were already eluted at an ionic strength higher than 0 .05 M NaCI (Ianes 3 to 8), whereas factors which permitted binding of pp89 remained associated with DNA at 1 M NaCI (la ne 7) and were eluted with 2 M NaCI (Ia ne 8). As a third step, to further charaeterize these eellular faetors, the proteins eluting between 1 and 2 M NaCI were electrophoretically separated and silver-stained (Fig. 3b) . Only four proteins with apparent molecular masses between 12.5K and 17K could be deteeted. DNA affinity and electrophoretie mobility of these proteins are the same as those deseribed for eore histones (Ohlenbusch et al., 1967) . pp89 bands in lanes 4 and 6 are less prominent. This variation in the amount of eluted proteins is explained by the fact that in this experiment each lane represents the immunoprecipitates of proteins eluted from separate eolumns. This protoeol is different than the stepwise elution profiles from a single column as shown in the experiment depicted in Fig . 1 . Core histones can support pp89-DNA interaction
To confirm the putative role of histones in pp89-DNA interaction, cr DNA cellulose was loaded with histones. In order to seleetively bind pp89, a non binding IE eluate adjusted to 0. 1 M NaCI was passed through the column (Fig. 4a) . As expected, pp76 and the IE proteins with higher electrophoretie mobility were not adsorbed (Iane 1). Sound pp89, however, could be recovered from the salt elution steps between 0.3 to 0.6 M NaCI (Ianes 3 to 5), and a low amount of pp89 was eluted at 1 M NaCI (Iane 6). The same results were obtained with cr DNA loaded with murine histones (not shown). There was no difference between the elution profiles of IE proteins using either IE extraets for chromatography on CT DNA ee"ulose or nonbinding IE eluates for ehromatography on CT DNA cellulose supplemented with histones (compare Fig. 1 and Fig. 4a ). The DNA-bound histones dissociated at the salt concentrations described for care histones (Ohlenbuseh et al., 1967) (Fig . 4b) .
Although core histones are expected to represent abundant cellular proteins in extracts obtained by treatment of sonicated cells with 1.7 M NaCI, only a small fraction of pp89 could be detected to associate with DNA (see Fig . 1 ). We found, however, that core histones, although solubilized during the high-salt extraction procedure, were almost completely removed during the subsequent dialysis and 100,000 9 centrifugation steps. We therefore reasoned that the limiting amount of histones was not sufficient to achieve complete retent ion of pp89. Histone-supplemented CT DNA cellulose columns of different bed volumes were therefore used for chromatography of a nonbinding IE eluate (Fig . E) . Binding of pp89 to DNA was found to be directly proportional to the amount of histones on the columns (Ianes 4, 6, and 8). The 200-~1 DNA cellulose column loaded with 50 ~g histones retained almost completely the pp89 (Ianes 7 and 8). Under these conditions , also pp76 remained bound, but a difference betweE3n pp89 and pp76 retention was still visible. There was no binding of pp89 to a DNA cellulose column lackmg histones (lane 2).
Interaction of IE proteins with MCMV DNA requires histones
To investigate whether the interaction of IE proteins with MCMV DNA differs from the interaction with calf thymus DNA, chromatography on MCMV DNA cellulose was ca rried out.
As has been observed by chromatography on CT DNA cellulose, only pp89 was retained by the MCMV DNA column and was eluted at NaCI concentrations between 0.3 and 0.6 M (Fig. 6a) . The DNA in these columns contained about 20% of pACYC 177. Co 1-umns containing only the vector DNA gave the same results (not shown). Thus, MCMV DNA sequences influence neither the preference of pp89 for interaction with DNA nor its affinity for DNA. To prove that the interaction with MCMV DNA is also dependent on his- NaCI (lanes 1, 3, 5, and 7) , and bound proteins were eluted with 1 M NaCI (Ianes 2, 4, 6, and 8) . IE proteins were immunoprecipitated and subjected to fluorography. .. - -FIG. 6 . Affinity of IE proteins for MCMV DNA. MCMV DNA cloned with HindIll by insertion of the fragments into the Hindill site of the plasmid vector pACYC 177 , as described previously (Ebeling et al. , 1983) . was attached to cellulose at a stoichometrical relation of the fragments . Preparation of DNA cellulose and chromatography were done as described for CT DNA cellulose. (a) Chromatography of IE extracts was done as described in Fig. 1 . Bound proteins were eluted with 0.2, 0.3 , 0.4, 0.6, 1, and 2 M NaCI (Ianes 2 to 7). (b)
Histone concentration-dependent interaction of IE proteins with MCMV DNA. Chromatography was carried out as described in Fig .  5. tones, a nonbinding IE eluate was chromatographed on MCMV DNA columns supplemented with histones as described in legend to Fig. 5 . Binding of pp89 to MCMV DNA was again found to be directly proportional to the amount of histones on the columns (Fig .  6b, lanes 4, 6, 8) . We therefore concluded that binding of pp89 to MCMV DNA also requires the presence of core histones.
IE proteins have a high affinity for histones coupled to Sepharose
To determine whether histone-DNA interaction is a prerequisite for binding of IE proteins to histones, IE extracts were chromatographed on a histone-Sepha- [ 35 S)methionine-labeled IE extracts were applied to histone-Sepharose. Nonbound proteins were eluted with binding buffer (Iane 2), bound proteins were eluted stepwise with binding buffer containing 0.5, 1, and 2 M NaCI (Ianes 3 to 5) and subsequently with 1, 2, 4, and 6 M guan idine hydrochloride in 1 M ammonia (Ianes 6 to 9). Eluted IE proteins were immunoprecipitated and subjected to gel electrophoresis and fluorography. Lane 1, immunoprecipitated IE proteins of extract used for chromatography. rose column (Fig. 7) . Bound proteins were eluted with 0.5, 1, and 2 M NaCI (lanes 3 to 5). Seventy percent of the labeled proteins passed through the column at 0.1 M NaCI (lane 2), and further 12, 10, and 1 % of labeled material eluted with 0.5, 1, and 2 M, respectively. Immunoprecipitates of these eluates did not contain IE proteins. Only after rinsing the column with 1, 2,4, and 6 M guanidine hydrochloride in 1 M ammonia could IE proteins be recovered (Ianes 6 to 9). No binding of IE proteins to Sepharose in the absence of histones was detectable (not shown). These results demonstrate that IE proteins can bind to histones also in the absence of DNA. Second, in the absence of DNA IE proteins bind to histones with a very high affinity (see Fig. 4 for comparison) .
DISCUSSION
The major IE protein pp89, the product of the iel gene in transcription unit ie1 of MCMV, is predominantly located in the nucleus of infected cells (Keil et al., 1985 (Keil et al., , 1987a . A fraction of the polypeptide is probably processed and transported to the plasma membrane, where it is detected by specific cytolytic T Iymphocytes (Koszinowski et al., 1987a,b; Reddehase et al., 1986) . We have reported previously that pp89 trans-activates viral genes without apparent promoter specificity (Koszinowski et al., 1986) . In order to anaIyze the molecular mechanism leading to this indiscriminate transcriptional activation, we have studied the DNA-binding capacity of pp89 by CT DNA cellulose chromatography.
The results demonstrated that the interaction of pp89 with cellular or MCMV DNA depends upon cellular factors. First, chromatography of cell extracts at 0.05 M NaCI resulted in separation of IE proteins into a DNA-bound and -nonbound fraction. Second, rechromatography of bound pp89, after elution at 0.6 M NaCI and dialysis against binding buffer, revealed no DNAbinding activity. Third, addition of cel/ular DNA-binding proteins to the nonbinding fraetion restored pp89-DNA interaction. The auxiliary cellular faetors have a very high affinity for DNA and an eleetrophoretic mobility known for care histones. Fourth, direct evidenee for a role of core histones in pp89-DNA interaction was obtained by using purified histones. Thus, pp89 is apparently unable to interact with DNA in the absence of auxiliary cellular fac10rs.
We analyzed whether interaction of pp89 with histones can be correlated with a structural property. A significant homology of the nucleotide and the amino acid sequence of pp89 with the respeetive sequences of histone H2B was found . Between amino acids 96 and 153 of pp89 and amino acids 27 and 87 of the histone H2B an identical eore sequence of 7 amino acids is flanked by sequences where 17 of 56 amino acids are identieal and located at corresponding positions. The codons for these 23 identical amino acids display 83% identity, whereas only 48% homologous nucleotides would be required to encode these amino acids. The similarity within this region increases to 62% when conservative amino acid exchanges are considered as similar. The region between residues 37 and 114 of H2B is important for the interaction of H2B with histone H2A (lsenberg, 1979; Kedes, 1979) . We therefore propose that amino acids 96 to 153 of pp89 playa role in the interaetion of pp89 with histones. This property of pp89 is unique compared to other herpesviral regulatory IE proteins.
Mainly pp89 and less efficiently the proteolytic cleavage product pp76 and the minor ie1 products were retained by histones on CT DNA columns at salt concentrations exceeding 0.1 M NaCI. All these proteins are antigenically related, beeause monoelonal antibody 6/20/1 binds to all of them (Keil et al., 1985) .
The epitope detected by mAb 6/20/1 maps to amino acids around position 480 in the C-terminal region of pp89 (M. Messerle, to be published). This epitope is located in a glutamie acid-rieh region (positions 396-532) containing 33% acidic amino acids. Glutamie acid-rieh peptides and glutamic aeid-rich domains of the high-mobility group chromosomal proteins are known to interact with histones (Einck and Bustin, 1985; Stein et a/., 1979) . Such sequenees probably contribute affinity of pp89 and pp76 for histones, but do not explain the different affinity of pp89 and pp76. The C-terminal amino acids 589 to 595 represent a nuclear transport signal . Since pp76 is still transported to the nucleus (Keil et 81., 1985) , pp89 is perhaps cleaved in the N-terminal region resulting in pp76. Cleavage in this region is very likely to affect the sequence homologous to H2B.
The affinity of IE proteins to histones either bound to DNA or directly coupled to Sepharose differed considerably. On DNA columns supplemented with histones mainly pp89 was retained and eould be eluted at ionic strengths of 0.3 to 0.6 M NaCI. On columns with histones direetly coupled to Sepharose, both pp89 and pp76, were retained, and binding was still resistant to an NaCI eoneentration of 2 M. We do not yet understand these remarkable differenees in affinity. Two explanations can be offered: First, interaction of histones with DNA could limit the aecess of other proteins to histone domains involved in DNA binding, whereas histones coupled to Sepharose could still expose these domains. Second, binding of histones to DNA cellulose possibly results in formation of nucleosome complexes, which makes domains involved in histone/histone interaction inaccessible to interaction with other proteins. The glutamic acid-rieh regions shared by pp89 and pp76 perhaps interact with histone regions rieh in basic amino acids and eontribute to the very high affinity of IE proteins to histones eoupled to Sepharose. If the high affinity of the IE proteins for isolated histones in vitro refleets the capacity of these proteins to prevent nucleosomal packaging of DNA in vivQ, an important biologieal role of this relation could be considered. The interaction of the IE proteins with the individual histone proteins is under study.
Other herpesvirallE proteins, as the products of the IE1 and 1E.2 genes oi human CMV (Tevethia and Speetor, 1984; Hermiston et al., 1987) , the IE protein of pseudorabies virus (Green et al., 1983) , and the ICP4 and le PO of herpEls simplex virus (Everett, 1984; O'Hare and Hayward, 1985) share the property of pp89 to stimulate transeription. The DNA-binding aetivities of ICF)4 have beE~n eharacterized in detail. Chromatography of cell extraets on CT DNA revealed DNA binding of the protein (Hay and Hay, 1980) , and dissociation was found at 03 M NaCI (Bookout and Levy, 1980) . Freeman and Powell (1982) reported that partially purified ICP4 was not able to associate with single-stranded CT DNA unless supplemented with eell extracts. Wh ether binding of ICP4 to a doublestranded DNA is also dependent upon cellular faetors is not known. Reeently, specific binding sites of ICP4 on plasmid pBR322 and HSV gD promoter sequenees have been Identified by Faber and Wilcox (1986) . Binding to HSV 0:-0, 0:-4, and 'Y promoter sequences have been demonstrated by Kristie and Roizman (1986a,b) . In both studies, however, binding by ICP4/eellular faetor eomplexes was not excluded. Our results demonstrate that pp89 requires histones to interaet with DNA. It is not yet excluded, however. that the binding of pp89 to histones exposes an intrinsic DNA-binding activity of pp89 involved in stimulation of 1ranscription. Experiments to examine this possibility lJsing purified pp89 supplemented with histones are under way.
